ABSTRACT: Eelgrass coverage in Odense Fjord (Denmark) has declined by 90% since 1983, due to eutrophication and its associated pressures, and the state of low eelgrass coverage has remained stable despite 10 to 15 yr of reduced nutrient loading and improved water quality. We hypothesize that the survival of eelgrass seedlings, and thus recolonization through reproductive dispersal, is negatively affected by physical disturbances. The 3 most likely physical mechanisms involved are uprooting or burial through drifting macroalgae, Arenicola marina sediment reworking and current-driven sediment resuspension. Our hypothesis was tested by field observations during the summer of 2009, when the mortality of seedlings was followed through time. The density of seedlings decreased dramatically by 80% during the first month of observations, and no seedlings survived past August, corresponding to an average seedling mortality of 1.5% d -1
INTRODUCTION
Eelgrass Zostera marina L., the most common seagrass in the northern hemisphere, has declined along European and North American coasts during the last century. Eelgrass was first hit hard by wasting disease during the 1930s (e.g. Petersen 1934 ) and later by anthropogenically driven eutrophication that led to hypoxic events, reduced light climate, stimulated epiphyte growth and increased competition from macroalgae (Hauxwell et al. 2003 , Greve et al. 2005 . Human activities in coastal areas (e.g. construction and dredging) also threaten seagrass ecosystems worldwide (Cabaco et al. 2008) . In recent years substantial efforts have been devoted to reducing anthropogenic pressure and facilitating seagrass recovery (e.g. Greening & Janicki 2006 , Petersen et al. 2009 , Marion & Orth 2010 , van Katwijk et al. 2010 . However, natural recolonization has been less successful than predicted or has occurred, often for unknown reasons, slowly despite marked improvements in water quality (e.g. Frederiksen et al. 2004 , Greening & Janicki 2006 , van der Heide et al. 2007 ). Thus, a more detailed understanding of the key processes affecting the recovery of seagrasses is urgently needed.
Vegetative expansion of Zostera marina meadows by clonal growth is efficient for recovery of gaps (up to 100 m -2 ) in the seagrass landscape (Bell et al. 1999 , Olesen et al. 2004 , but is insufficient for large-scale recolonization, due to slow (0.3 to 0.5 m yr -1 ) rhizome elongation (Olesen & Sand-Jensen 1994 , Townsend & Fonseca 1998 , Boese et al. 2009 ). Recolonization of larger areas, therefore, depends primarily on seed dispersal and the subsequent growth of seedlings (Olesen & Sand-Jensen 1994 , Plus et al. 2003 , Greve et al. 2005 , Jarvis & Moore 2010 . Z. marina has a high capacity for sexual reproduction, whereby seeds are released during late summer and fall, resulting in densities of from 10 2 to 10 4 seeds m -2 inside eelgrass beds and up to 30-50 seeds m -2 at a distance of 15 m from established beds (Harrison 1993 , Olesen & Sand-Jensen 1994 , Orth et al. 1994 , Olesen 1999 , Probert & Brenchley 1999 , Boese & Robbins 2008 . However, only 5 to 15% of seeds germinate to produce seedlings the following spring (Harrison 1993 , Orth et al. 2003 , resulting in low seedling density (0.2 to 26 m -2 ) outside established beds (Olesen & Sand-Jensen 1994 , Greve et al. 2005 , Boese & Robbins 2008 . Hence, net expansion of eelgrass coverage depends primarily on the survival of a low number of seedlings to form new patches and eventually to create a continuous seagrass landscape through vegetative growth (Olesen & SandJensen 1994 , Almela et al. 2008 .
Seedling survival varies between habitats from >80% yr -1 , with complete recolonization in some areas (Plus et al. 2003 , Lee et al. 2007 , to between 0 and 5% yr -1 and much slower recolonization in most areas (Churchill 1983 , Harrison 1993 , Greve et al. 2005 , Bos & van Katwijk 2007 , Boese et al. 2009 ). A low percentage of seedling survival (0 to 5%) is also reported from large-scale Zostera marina restoration projects with seeds (Marion & Orth 2010 ). The general low seedling survival is explained by environmental factors, but only few studies have yet provided direct evidence of the stress factors governing seedling mortality. Hydrodynamic forcing has been suggested to be critical during seedling establishment (Olesen & Sand-Jensen 1994 , Fonseca & Bell 1998 , Bos & van Katwijk 2007 ; for instance, Olesen & Sand-Jensen (1994) observed a high mortality of seedlings and of seagrass patches younger than 2 yr old due to a lack of self protection against water currents. Similarly, Boese & Robbins (2008) identified macroalgal drift to be a critical process in the loss of shoots and seedlings. Furthermore, undermining and burial due to sediment resuspension (Mills & Fonseca 2003 , Cabaco & Santos 2007 , burial and physical damage by bioturbating fauna (Philippart et al. 1994 , Davis et al. 1998 , Dumbauld & WyllieEcheverria 2003 and increased light attenuation, hypoxia and accumulation of toxic compounds (Hauxwell et al. 2001 , Cummins et al. 2004 , Boese & Robbins 2008 ) may also be important processes, but have only been evaluated for adult seagrasses. Thus, in any given environment, multiple stressors probably govern seedling mortality, and knowledge of their relative impact is critical to understand the variations in seagrass recolonization in coastal habitats.
Odense Fjord is a shallow estuary, located in the northeastern area of the island of Fyn, Denmark (Fig. 1) . In 1983, a fjord-wide survey of submerged macrophytes showed that ~15 km 2 of the outer fjord was covered with Zostera marina. Since then ~90% of the Z. marina has been lost (Fyns Amt 2006), probably due to excessive nutrient loading from the watershed and the associated reduced light levels, competition from opportunistic macroalgae (e.g. Ulva lactuca and Chaetomorpha sp.) (e.g. Hauxwell et al. 2001 ) and hypoxic events (e.g. Greve et al. 2005 ) that characterized the 1990s. However, the nutrient loading has gradually been reduced (especially for P) since 1990 and water quality has improved, as evidenced by higher water transparency and the recession of opportunistic macroalgae (Fyns Amt 2006 , Petersen et al. 2009 ). Furthermore, hypoxic conditions were last reported in October 2000 (monitored monthly from July to November from 1997 to the present by the Danish National Environmental Research Institute). Despite these improvements, no recovery of Z. marina has occurred. The present study was conducted at a site where a 0.4 ha shallow eelgrass population remains. The surrounding area was previously populated by Zostera marina (Fyns Amt 2006) , but is now bare sediment with scattered and drifting patches of the brown algae Fucus vesiculosus. The studied Z. marina population produces seedlings every year, and there are no apparent environmental differences between vegetated and unvegetated sediment. Therefore, it was hypothesized that physical disturbance prevents the spread of Z. marina into the adjacent unvegetated areas. This hypothesis was tested by quantifying seedling performance and the potential processes affecting seedling mortality in the unvegetated areas near the fringes of Z. marina beds. The most dominant physical processes (macroalgal drift, Arenicola marina sediment reworking and current-driven resuspension) were quantified, and their relative importance for seedling mortality was evaluated.
MATERIALS AND METHODS
Odense Fjord. The Odense Fjord estuary (2.2 m average water depth at mean sea level and 0.3 m tidal amplitude, respectively) covers 62 km 2 and is divided into an inner and an outer part (Fig. 1) . The shallow inner fjord (0.8 m average depth) comprises one-fourth of the total area and is impacted by freshwater inputs from the Odense River. The outer fjord has a more variable bathymetry (2.7 m average depth) and opens to the Kattegat through a narrow opening in the northeast (Fig. 1 ). Salinity varies depending on freshwater input and exchange with the Kattegat from 5 to 17 and 15 to 25 in the inner and outer fjord, respectively (Fyns Amt 2006) , with the lowest salinity typically measured during winter. Odense Fjord has a large catchment area (1046 km 2 ), resulting in substantial nutrient loading primarily due to agricultural runoff. Nutrient loading was 2500 t N yr -1 and 300 t P yr -1 prior to 1990, but after the implementation of several water action plans nutrient loading was gradually reduced to the present levels (2000 t N yr -1 and 50 t P y -1 ) (Petersen et al. 2009 ).
Study site. The present study was conducted at a narrow tongue of land ('Enebaerodde') that stretches into the outer part of Odense Fjord (Fig. 1) , where Zostera marina is found in a ~100 × 400 m area at 0.5 to 1.5 m depth. At this site the Z. marina landscape has a patchy appearance consistent with moderate hydrodynamic forcing (Fonseca & Bell 1998 , Bell et al. 1999 , where patches ranging from a few to >100 m 2 are intertwined with narrow channels (0.5 to 3 m) of bare sediment. Apart from a few populations located in deeper water (2 to 3 m depth), the conditions at the study site resemble those at most of the remaining Z. marina populations in Odense Fjord with respect to water depth.
Sediment characteristics of vegetated and bare sediment. Sediment characteristics were determined inside 3 randomly chosen Zostera marina patches and on bare sediment 1 m adjacent to every patch. For each patch, 3 sediment cores (8 cm in diameter, i.d.) were sampled from vegetated and bare sediment. Sediment characteristics were determined on subsamples from 0 to 1, 1 to 2, 2 to 6 and 6 to 15 cm depth intervals for every core. Wet density was determined as weight of a known volume of sediment using cut-off syringes; water content was determined as weight loss (%) of wet sediment after drying (24 h, 105°C), and organic content (%) was determined as weight loss of dry sediment after ignition (LOI, 5 h, 520°C). Furthermore, for every examined patch, grain size distribution was determined on one vegetated and one bare sediment core, by wet sieving a sediment subsample through a Wentworth series of meshes. Median grain size was determined from the Φ-distribution of size fractions (Krumbein 1936) .
Quantification of seedling loss. Since seedling density was low (average <1 m -2 ) and patchily distributed in early June 2009, when the present study was initiated, quantification of seedlings by density according to area counts (e.g. Boese et al. 2009 ) was inappropriate. Seedling performance was instead quantified from the fate of individual seedlings by marking their exact positions (±10 cm precision) along permanent transect cords. This approach did not yield absolute changes of seedling density, but provided evidence of the temporal changes of monitored seedlings. The permanent transects were established below the intertidal zone at 1 to 1.2 m water depth (Fig. 1) . The transects were established on bare sediment in the channels between existing Zostera marina beds; this resulted in the twisted appearance of transects as seen in Fig ) firmly anchored in the sediment, with 0.3 m long plugs every 1 to 2 m. The position of individual Z. marina seedlings was marked by attaching identification tags to the transect cord. Seedlings were always located ~40 cm away from the transect cord to exclude the effects of cord, markers and plugs. Only seedlings > 50 cm from established beds were considered to exclude vegetative shoots. A total of 23, 30 and 29 seedlings were marked on Transect A, B and C, respectively.
To demonstrate the importance of physical disturbance for seedling survival, 3 additional transects (Transect D, E and F) were established in the same area ( Fig. 1 ). Enclosures were placed over each seedling to exclude physical stress due to, e.g., water currents (van Katwijk & Hermus 2000) . Five seedlings were enclosed individually along each protected transect by 7.2 cm i.d., 40 cm long, transparent core liners that were gently pushed 10 to 15 cm into the sediment. Core liners were perforated with holes to insure that enclosed seedlings were subjected to the same water exchange and nutrient regime as the surroundings. The upper opening of core liners was sealed with transparent plastic film to prevent sediment accumulation inside the enclosures. Since the surface of enclosures acted as substratum for microalgal growth, they were cleaned regularly to prevent reduced light climate for enclosed seedlings.
Transects were inspected 1 or 2 times per week from mid-June until no seedlings remained in Transects A, B and C (late August). All movement in the transect area occurred by snorkeling to keep disturbance due to moving personnel at a minimum. On each sampling occasion, transect cords and the area surrounding each individual seedling were cleared of drifting macroalgae (see 'Determination of physical stressors') and the remaining seedlings were quantified. Furthermore, the most probable cause for seedling loss was evaluated by visual inspection of the environment. Seedling density (%) was reported relative to initial number of seedlings.
Determination of physical stressors. Macroalgal coverage on Transects A, B and C was measured weekly as the cumulated coverage (% of transect length) within ± 25 cm on each side of the transect line. Furthermore, every week, a representative sample of macroalgae (e.g. material recovered from 0.5 × 1 m on each transect) was brought to the laboratory for determination of species composition and biomass (wet weight and dry weight after drying, 72 h, 60°C). The average biomass (g m -2
) of algal material along transects was extrapolated from the total coverage of macroalgae on transects and the biomass per unit in the sampled area of 0.5 m 2 . Since transects were cleaned from macroalgae every week, the average biomass of new algal material was equivalent to a measure of macroalgal drift between observations. The drift estimates probably captured only a fraction of the total algal material that was transported between observations, but they were assumed to be proportional to total macroalgal drift.
The physical characteristics of drifting Fucus sp. were characterized in a survey conducted between June 23 and 29. A subsample of drifting Fucus sp. with anchors (n = 37) was collected at the study site. Wet weight and dry weight of Fucus sp. biomass was determined by the methods described above. Furthermore, the wet weight of attached anchors was measured.
The density of Arenicola marina on Transects A, B and C was determined every week by counting the number of faecal casts within ± 25 on each side of transect lines. Average density (m -2 ) was obtained by dividing the number of faecal casts by the area represented by transects. Furthermore, the in situ sediment reworking intensity was estimated every 1 to 2 wk from early July to late August by digital image analysis. The sediment surface of five 0.5 × 0.5 m quadrants away from the transects was smoothed to erase visible signs of sediment reworking. Newly deposited faecal casts produced after 1 to 2 h of incubation were photographed and later quantified by digital image analysis. Photographs were registered to known scale in GIS software (MapInfo), and the length and width of faecal casts was determined. The volume of faecal casts was calculated assuming a cylindrical shape for feces and normalized to incubation time to yield sediment reworking intensity (cm 3 sediment m -2 d -1
). Sediment resuspension was measured by sediment traps (n = 4) that consisted of core liners (5 cm i.d., 35 cm length) closed in the bottom end with rubber stoppers and mounted to 1 m steel pipes. The trap opening was placed ~40 cm above the sediment surface, and traps were collected every 1 to 2 wk during the study period. Dry weight of total accumulated matter (TM) was determined as weight after drying (24 h, 105°C), and organic content of deposited material was determined as weight loss after combustion (5 h, 520°C). Average TM deposition (g dry wt m -2 d -1
) was calculated as TM accumulation between observations normalized to incubation time.
Statistical procedures. Differences between vegetated and bare sediment (wet density, water content, LOI, median grain size and silt-clay percentage) were detected by pairwise t-tests for individual depth layers. A Mann-Whitney test was used when data were not normally distributed. The importance of macroalgal drift, Arenicola marina sediment reworking and sediment resuspension for rates of seedling loss was evaluated by Pearson correlation analysis. Tests for normality, t-tests and correlation analysis were performed with SIGMASTAT at a significance level of α = 0.05.
RESULTS

Sediment characteristics
Bare sediment at Enebaerodde consisted of organically poor (0.5 to 0.9% LOI), well-sorted fine sand, with a medium grain size of ~180 µm and a silt-clay percentage of <1.6% (Table 1) . Average density and water content were 1.85 ± 0.04 g cm -3 and 21.1 ± 1.92%, respectively. There were no significant differences between bare and vegetated sediment, except for marginally lower density and slightly higher LOI in the upper 6 cm of the vegetated sediment (Table 1) .
Loss of seedlings
Seedling density along Transects A, B and C decreased dramatically by 80% from mid-June to mid-July, with a loss rate of up to 5.2% d -1 (average: 3.1% d -1 ) (Fig. 2) . Subsequently, seedling density decreased gradually and reached zero by the end of August. All seedlings initially appeared healthy, with bright green leaves and no epiphyte growth. The decline during the first month occurred abruptly, without any apparent tissue deterioration, as is common when shoots are stressed by poor growth conditions (e.g. Mascaro et al. 2009 ). Most seedlings disappeared without any trace between observations, while some remaining seedlings showed evidence of physical disturbance (e.g. cut off or damaged leaves and partially exposed roots and rhizomes).
Seedlings enclosed by transparent core liners showed much lower mortality than non-enclosed seedlings (on average 0.4% d -1 ), and 11 out of 15 seedlings still remained by the end of August (Fig. 2) . Enclosed seedlings had dense epiphyte growth from the end of June, probably due to hampered water exchange within the core liners. Epiphyte growth did not, however, appear critical, since enclosed seedlings showed positive growth during the study period (e.g. leaf length increased 4-to 6-fold to 20-35 cm). At least 2 enclosed seedlings were lost due to Arenicola marina intruding the core liners from below and subsequent burial by their reworking activities, and only 2 enclosed seedlings were lost to unknown factors.
Drifting macroalgae
The study area was strongly impacted by drifting macroalgae during the entire observation period. On June 23, Transects A, B and C had 22% cover of drifting material, which resulted in a net accumulation of 260 ± 57 g wet wt m -2 (Fig. 3) . From June 23 algal drift declined steadily to reach 3% coverage and 24 g wet wt m -2 on July 6. From July 6 to 20, algal drift was low (3.4 ± 1.2% coverage and 27 ± 8 g wet wt m -2 ), but from July 29 the importance of algal drift increased steadily to reach an average of 11 ± 3% coverage and 105 ± 22 g wet wt m -2 in August. Drifting material was composed primarily of Fucus vesci-123 Table 1 . Sediment characteristics to 15 cm depth for vegetated and bare sediment at Enebaerodde. All parameters are presented as averages (± SD, n = 9 for density, water content and loss on ignition, LOI; n = 3 for median grain size and silt-clay fraction). *Significant differences (p < 0.05) between sediment types Density Water LOI Median Silt-clay (g cm -3
) content (% dry wt) grain fraction (% wet wt) size (µm) (% dry wt)
Vegetated sediment 0-1 cm 1.85 ± 0.03* 24.3 ± 1.2* 0.88 ± 0.15* 171 ± 11 1.59 ± 0.40 1-2 cm 1.82 ± 0.04* 21.6 ± 0.9* 0.68 ± 0.10* 173 ± 11 0.95 ± 0.60 2-6 cm 1.79 ± 0.04 21.0 ± 1.1* 0.66 ± 0.14* 172 ± 3 1.00 ± 0.60 6-15 cm 1.81 ± 0.05 20.6 ± 0.5 0.58 ± 0.09 176 ± 3 1.07 ± 0.50
Bare sediment 0-1 cm 1.90 ± 0.02* 22.5 ± 2.0* 0.70 ± 0.14* 182 ± 24 1.35 ± 0. culosus, which constituted > 50% of total macroalgal biomass during the period of most rapid seedling loss (June 16 to July 13). The remainder was composed of varying amounts of filamentous algae (Ectocarpus sp., Chaetomorpha sp. and Gracillaria sp.) and Zostera marina debris (Fig. 3) . On average, bulk drifting material had 74% water content. Approximately 50% by mass of recovered F. vesiculosus was still attached to their anchors (e.g. small stones or mussels), and the survey of drifting individuals (n = 37) revealed an average (± SE) wet biomass of 77 ± 22 g and an average (± SE) anchor weight of 37 ± 6 g. Furthermore, visual observations suggested that drifting F. vesiculosus with anchors physically affected the benthic environment by creating 1 to 2 cm deep furrows in the sediment surface and acted as anchor points for other drifting material (e.g. filamentous algae) forming >1 m 2 large mats of drifting material that slowly scoured over the sediment surface in response to waves and water currents (Fig. 4g,h ).
Intensity of Arenicola marina sediment reworking
Arenicola marina was a conspicuous member of the benthic fauna in the study area, and the size of feeding mounts and depressions suggested that their activity could harm Zostera marina seedlings (Fig. 4d,e) . The bare sediment was inhabited by a relatively constant population of A. marina based on the number of faecal casts (average: 4.5 ± 0.3 m -2 ) (Fig. 5) . Furthermore, the 3 ± 0.7 mm (n = 89) average diameter of faecal casts suggested that the population consisted mainly of large individuals (Retraubun et al. 1996) . Sediment reworking intensity estimated by digital image analysis was from 17 to 22 cm 3 d -1 per A. marina, which was equivalent to 91-114 cm 3 m -2 d -1 or 1 cm of faeces deposited at the surface per square meter per 3 mo (Fig. 5) .
Sediment resuspension
Significant sediment resuspension occurred during the entire study period despite moderate wind and wave action (wind speeds and wave amplitudes rarely exceeded 10 m s -1 and 0.2 m, respectively). Sediment resuspension covered transect lines and identification tags with a 1 to 2 cm thick layer of sediment between observations, indicating high sediment mobility at the site (Fig. 4f ). Resuspension measured 40 cm above the sediment surface as TM deposition was on average (± SE) 173 ± 28 g dry wt m -2 d -1 during June, July and the second half of August (Fig. 6) . During the first half of August resuspension was substantially higher (490 ± 127 g dry wt m -2 d -1
). The material retrieved from sediment traps consisted mainly of fine mineral grains, but also had a high organic content (16 to 37% LOI). When considering that the sediment at Enebaerodde is organically poor, with < 0.7% LOI (Table 1) , the high organic content of trap material probably reflected preferential resuspension of the upper diatom-rich sediment layer or deposition of seagrass or macroalgal debris. 
Correlation analysis
The temporal development of seedling density was divided into 2 phases (Fig. 2) : an initial phase with consistently high loss rates (average: 3.1 ± 0.8% d -1
) from June 17 to July 13, followed by much lower loss rates from July 13 to the end of the study period (average: 0.4 ± 0.2% d -1
). This shift probably resulted from the low number of seedlings that survived after July 13 (7, 1 and 6 seedlings on Transect A, B and C, respectively). To avoid conclusions biased by this artifact, correlation analysis was only performed for the initial phase, during which 80% of the seedlings disappeared. Rates of seedling loss, macroalgal drift, sediment reworking and sediment resuspension showed a normal distribution when expressed as daily means during the period of intensive seedling loss (June 15 to July 13). Rates of seedling loss correlated significantly with total macroalgal drift (p = 0.025) (Fig. 7 ), but not with Arenicola marina sediment reworking (p = 0.322) or sediment resuspension (p = 0.365).
DISCUSSION
Sediment properties
Bare sediment characteristics were similar to those of vegetated sediment for most examined parameters ( Table 1 ), suggesting that bare sediment was a potential substrate for Zostera marina. This is also indicated by the low rate of metabolism (e.g. 24 mmol m O 2 uptake) and the low porewater accumulation of hydrogen sulfide and NH 4 + (20 and 200 µM, respectively) in this sediment (T. Valdemarsen unpubl. data). These latter values are below the limits causing toxic effects in Z. marina (e.g. Goodman et al. 1995 , van Katwijk et al. 1997 , Hauxwell et al. 2001 , Mascaro et al. 2009 ).
Effect of drifting macroalgae on seedling mortality
Drift estimates of up to 260 g wet wt m -2 algal material between weekly observations are most likely transitory net macroalgal accumulation; thus, they probably underestimate the dynamics and high amounts of drifting algae in the study area. This is supported by a few events of intense macroalgal drift in late July and the beginning of August, where the nearby beach was covered by a >10 m wide and 30 to 40 cm deep belt of wrack (primarily Fucus) within a few days (Fig. 4i) . During such events, the sediment surface must have been constantly swept by drifting macroalgae transported as bedload at low to moderate current speeds (Flindt et al. 2004 , Canal-Vergés et al. 2010 ) and unprotected seedlings may have been severely affected by physical disturbance. The importance of Fucus sp. attached to anchors (comprising up to 50% of drifting matter) was surprising, since drift of Fucus sp. has mainly been related to biomass sloughing at moderate to high current speeds (> 30 cm s -1 ), while entire plants attached to anchors are not considered susceptible to drift (Flindt et al. 2007 ). Nonetheless, Fucus sp. attached to heavy stones (> 200 g) were identified among drifting individuals in the present study, suggesting that Fucus sp. is highly mobile. Drift of Fucus sp. has subsequently been verified in annular flume experiments with medium-sized algae attached to 35 g heavy anchors at current speeds of >10 to 14 cm s -1 (K. Wendelboe & J. T. Egelund unpubl. data).
The significant positive correlation between seedling loss and macroalgal drift from June 15 to July 13 suggests that drifting macroalgae explain at least 40% of seedling mortality (Fig. 7) . A similar potential effect of drifting algae on both adult Zostera marina and seedlings has previously been reported, although the mechanism remains unclear (Hauxwell et al. 2001 , Boese & Robbins 2008 , Boese et al. 2009 , van Katwijk et al. 2010 . Most previous studies have focused on adult seagrass, and primarily identified light attenuation through macroalgal canopies (Hauxwell et al. 2001 , McGlathery 2001 , Lamote & Dunton 2006 and macroalga-driven hypoxia and toxic metabolite accumulation (Hauxwell et al. 2001 , Lamote & Dunton 2006 , Holmer & Nielsen 2007 ) as processes by which drifting macroalgae negatively impact seagrasses. These processes may also be relevant for seedlings, but our results suggest that the ballistic impact of drifting macroalgae, i.e. the physical impact of macroalgae scouring over the sediment surface leading to damaged or uprooted seedlings (CanalVergés et al. 2010) , was most important in the outer part of Odense Fjord. This is based on several observations: (1) seedlings protected from physical disturbance showed much lower mortality (Fig. 2) ; (2) seedlings disappeared abruptly between observations, with no recovery of remains of lost seedlings (e.g. rhizomes) despite knowledge about their exact position along transects; (3) a high frequency of physically damaged seedlings was observed in the study area; and, finally, (4) the disappearance of healthy seedlings between observations did not agree with the slow and gradual deterioration over weeks to months observed for seagrass subjected to poor growth conditions (van Katwijk et al. 1997 , Bintz & Nixon 2001 , Hauxwell et al. 2001 , Holmer & Nielsen 2007 , Mascaro et al. 2009 ). The present study does not rule out the importance of macroalga-driven hypoxia and sulfide accumulation, and we may have relieved this effect by regularly cleaning transects for drifting algae. However, the oxidized sediment surface (e.g. light brown coloration indicative of oxidized Fe) and lack of sulfide odor beneath nonmanipulated macroalgal mats indicated an absence of hypoxia. This may be due to the highly mobile macroalgal mats as opposed to previous studies where macroalgal mats were described as stagnant (e.g. Hauxwell et al. 2001 , Lamote & Dunton 2006 .
The drifting Fucus sp. probably originated in the shallow northeastern basin of the outer Odense Fjord, where Fucus sp. is the dominating benthic vegetation. Our observations indicate that Fucus sp. shows synchronized drift events triggered by strong wind after prolonged periods of calm and favorable growth conditions during summer. Such behavior would dramatically influence the entire fjord; not only is Zostera marina recolonization severely hampered in areas susceptible to reoccurring drift events, but massive amounts of nutrients are also transported as macroalgal biomass (Salomonsen et al. 1997 , 1999 , Flindt et al. 2004 . Since macroalgal drift is a common phenomenon worldwide (e.g. Valiela et al. 1997 , Hauxwell et al. 2001 , Martins et al. 2001 , Flindt et al. 2004 , Kopecky & Dunton 2006 , Boese & Robbins 2008 , the ballistic impact of drifting macroalgae may be a widespread but not yet defined problem that affects seagrass distribution in many estuaries.
Effect of sediment reworking on seedling mortality
It is known that Arenicola marina may negatively affect Zostera noltii distribution due to burial of shoots and seedlings by reworking activities (Philippart 1994) . A similar negative interaction has been suggested to explain the exclusion of Z. japonica and Z. marina by burrowing thallasinid shrimps (Dumbauld & Wyllie-Echeverria 2003) . In the present study, A. marina may, therefore, have affected Z. marina negatively. There was, however, no significant correlation between reworking intensity and loss of seedlings in the present study, which may be due to the low number of observations during the period of most rapid seedling loss (Fig. 7) . Nonetheless, when considering the size of individual feeding mounts and depressions (up to 6-8 cm height and depth, respectively), burial by A. marina is a potential mechanism for seedling loss, especially when considering that only 2 to 4 cm burial depth is fatal for Z. marina and other seagrasses (Mills & Fonseca 2003 , Cabaco & Santos 2007 , Cabaco et al. 2008 . Partially buried seedlings due to faecal casts were observed on a few occasions (Fig. 4d,e) , but it remains unknown if burial was fatal to those particular seedlings. Another possible explanation for the apparent lack of impact of sediment reworking is the limited and patchy abundance of A. marina at the study site, where only seedlings in the vicinity of A. marina individuals were at risk. While this risk was relatively modest in June, when seedling density was low, higher impacts of A. marina are expected in spring when seedlings are most abundant.
Effect of sediment resuspension on seedling mortality
The high amount of sediment resuspended to > 40 cm above the sediment surface (on average 218 ± 51 g m -2 d -1
) indicated high sediment mobility at the study site (roughly ~1 mm wk -1 , with a 2 g cm -3 sediment density). Sediment resuspension decreases upwards in the water column, and sediment transport near the sediment surface must have exceeded trap measurements considerably. This is in accordance with observations of 2 to 3 cm of sediment displacement every week, based on burial of transect tags and cords (Figs. 4f & 6) . The high and constant sediment resuspension is puzzling, since it occurred even under low wind and wave conditions, and may be linked to the scouring effects of drifting macroalgae that induce sediment resuspension at low current speeds (CanalVergés et al. 2010) .
Several studies show a dramatic impact of hydrodynamic forcing on seagrasses (Olesen & Sand-Jensen 1994 , Fonseca & Bell 1998 , van Katwijk & Hermus 2000 , Bos & van Katwijk 2007 , which is probably due to current-driven resuspension events that lead to uprooted or buried shoots and a negative effect on growth and survival (van Katwijk & Hermus 2000 , Mills & Fonseca 2003 , Cabaco & Santos 2007 . The effect of burial and erosion on seagrasses has mainly been evaluated for massive sediment translocation induced by anthropogenic activities or extreme weather events (e.g. Cabaco et al. 2008 and references therein), while the effect of small-scale resuspension has largely been ignored. Nonetheless, frequent instances of resuspension of from 1 to 3 cm sediment wk -1 are common in seagrass habitats (e.g. Gacia & Duarte 2001 , Widdows et al. 2008 , present study) and may be an important process for loss of shoots and seedlings. The high sediment mobility we observed (2 to 3 cm wk -1 ) may have led to uprooted and buried seedlings (Mills & Fonseca 2003 , Cabaco & Santos 2007 . This was not supported by correlations between seedling loss and total matter deposition (Fig. 7) , probably due to the low range of resuspension rates measured 40 cm above the sediment. We, therefore, speculate that quantification of resuspension closer to the sediment surface might have produced significant results. Nonetheless, the effect of small-scale sediment translocation on seedling mortality at low to moderate current regimes should be considered in future studies.
CONCLUSIONS
The present study shows that the entire annual cohort of Zostera marina seedlings in Odense Fjord can potentially be eliminated during short periods of intense macroalgal drift, which was emphasized by the much lower mortality of seedlings protected from macroalgal drift and other physical disturbance. Drifting macroalgae may, therefore, have wide implications for the reestablishment of Z. marina in the fjord, since most remaining populations are located in areas similar to the study site at Enebaerodde (e.g. shallow coastal areas subjected to moderate wave and current forcing) (Fyns Amt 2006) . It remains uncertain, however, whether the entire fjord is impacted, and more research is needed to investigate the spatio-temporal dynamics of macroalgal drift. Furthermore, other processes may also have impacted seedling mortality, since macroalgal drift only explained ~40% of seedling loss. Burial and undermining by Arenicola marina reworking and sediment resuspension are likely processes, although no significant correlation with seedling loss effects was evident at present. Nonetheless, these processes may prove highly significant during early seedling establishment or in areas not impacted by macroalgal drift. In conclusion, based on the present study we advocate considering naturally occurring physical disturbance during future studies of seagrass patch dynamics and recruitment. 
